“Connectomic surgery”: diffusion tensor imaging (DTI) tractography as a targeting modality for surgical modulation of neural networks by Henderson, Jaimie M.
PERSPECTIVE ARTICLE
published: 24 April 2012
doi: 10.3389/fnint.2012.00015
“Connectomic surgery”: diffusion tensor imaging (DTI)
tractography as a targeting modality for surgical
modulation of neural networks
Jaimie M. Henderson*
Neurosurgery, Stanford University School of Medicine, Stanford, CA, USA
Edited by:
John T. Gale, Cleveland Clinic, USA
Reviewed by:
Antonio Pereira, Federal University
of Rio Grande do Norte, Brazil
Ken Sakaie, Cleveland Clinic, USA
*Correspondence:
Jaimie M. Henderson,
Neurosurgery, Stanford University
School of Medicine, 300 Pasteur
Dr., Edwards Bldg./R-227 , Stanford,
CA 94305, USA.
e-mail: henderj@stanford.edu
Deep brain stimulation (DBS) is being used to treat a growing number of neurological
disorders. Until recently, DBS has been thought to act mainly by suppressing local
neuronal activity, essentially producing a functional lesion. Numerous studies are now
demonstrating that DBS has widespread network effects mediated by white matter
pathways. The new science of connectomics aims to map the connectivity between
brain regions in health and disease. Targeting DBS speciﬁcally to pathways which exhibit
pathological connectivity could greatly expand the possibilities for treating brain diseases.
This brief review examines the current state of brain imaging for visualization of these
networks and describes how DBS might be used to restore normal connectivity in
pathological states.
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INTRODUCTION
Since its initial introduction in the early 1950s (Delgado et al.,
1952), and its reﬁnement in the late 1980s to its current mod-
ern form (Benabid et al., 1987), deep brain stimulation (DBS)
has been increasingly employed in the treatment of neurodegen-
erative diseases. The safety, adjustability and reversibility of this
modality have driven widespread adoption, essentially replacing
brain lesioning for the treatment of movement disorders such as
Parkinson’s disease (Kleiner-Fisman et al., 2006; Weaver et al.,
2009; Bronstein et al., 2011), tremor (Flora et al., 2010), and
dystonia (Isaias et al., 2009; Krauss, 2010). The non-destructive
nature of DBS has encouraged exploration as a treatment modal-
ity for psychiatric disorders such as depression and obsessive-
compulsive disorder (Greenberg et al., 2008; Malone et al., 2009;
Lozano et al., 2012), obesity (Tomycz et al., 2011), and mem-
ory disorders (Laxton et al., 2010), as well as its reﬁnement in
the treatment of pain (Bittar et al., 2005). Given the growing
number of disorders being treated by DBS, increasing efforts
have been dedicated to understanding its mechanism of action.
Initially, DBS wasfelt to actby purely inhibitory inﬂuences, mim-
icking destruction of a brain nucleus (Breit et al., 2004). It is
now generally accepted that DBS can have complex inﬂuences
overwidespreadareasofthebrain(Dostrovsky andLozano,2002;
Johnson et al., 2008; Montgomery and Gale, 2008; Hauptmann
and Tass, 2010; McIntyre and Hahn, 2010), which have implica-
tions beyond the straightforward inhibition of a local graymatter
structure. DBS is no longer thought of as a simple substitute for
lesioning, but is being appreciated as a means to modulate entire
neural networks with increasing precision.
Functional imaging has allowed us to peer more deeply into
the physiological state of the brain during health and disease and
has been used to both guide DBS development (Mayberg et al.,
2005) and to better elucidate its mechanisms (Kringelbach et al.,
2010). The purpose of this brief review is to examine the current
state of knowledge about brain networks and their visualization
with modern imaging modalities, and how this information can
be used to better guide neurostimulation interventions in treating
a broad range of neurological disorders.
DIFFUSION TENSOR IMAGING AND TRACTOGRAPHY
White matter tracts are formed from the axonal projections of
cortical and subcortical neurons, creating the structural con-
nective scaffolding of the brain. Using the recent technique of
diffusion tensor imaging (DTI), these tracts can now be visual-
ized in vivo. DTI takes advantage of the normal diffusion patterns
of water molecules through the brain by Brownian motion. Each
brain region has a distinct pattern of diffusion, limited by cell
membranes, internal cellular structure, and other local factors
such as myelin. Water molecules can be magnetically labeled by
application of a strong magnetic gradient during magnetic res-
onance imaging (MRI). Differences in apparent water mobility
determine the signal attenuation in response to these gradients,
allowing the directionality of diffusion to be calculated for each
voxel (Basser et al., 1994). Water mobility is assumed to be
greatest along axon bundles. Given this assumption, white mat-
ter fascicles can be traced from voxel to voxel by following the
direction of greatest water diffusion (Conturo et al., 1999; Mori
et al., 1999; Basser et al., 2000). Jones’ 2008 review (Jones, 2008)
provides an excellent overview.
Although DTI tractography potentially suffers from a number
oflimitations (includingpoorresolution,inaccuraciesintroduced
by poor signal-to-noise ratio, and possible mis-registration with
anatomic images) (Mori and van Zijl, 2002), there is increas-
ing evidence that this method provides useful information for
locating white matter tracts in the brain. Establishing struc-
tural connectivity by this method is thus useful for studying
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structure-function relationships with functional imaging tech-
niques. Anatomically, DTI tractography still cannot provide res-
olution comparableto direct ﬁber dissection in preserved human
brains (Peltier et al., 2010) or chemical tract-tracing methods
in animals (Lehman et al., 2011). However, stimulation of trac-
tographically deﬁned white matter connections has been suc-
cessfully employed as a technique for avoiding complications in
neurosurgery (Berman et al., 2007; Coenen et al., 2009; Bello
et al., 2010; Leclercq et al., 2010), suggesting its utility for guiding
therapeutic brain stimulation. Insights from animal studies are
already helping to direct DTI tractography studies of DBS mech-
anisms in Parkinson’s disease (Gradinaru et al., 2009) and mood
disorders (Lehman et al., 2011).
THE “CONNECTOME” CONCEPT OF BRAIN FUNCTION
Overthe pastdecade,anumber oftechnologies haveconvergedto
make large-scale mapping of the brain possible. With the advent
of more advanced imaging methods and the increasing speed and
storage capacity of computers, it is now feasible to create large
databases of functional and structural connectivity, in a way sim-
ilar to that pursued for the human genome. The resulting ﬁeld
of “connectomics” aims to map the structure of the brain at sev-
erallevels fromindividualneuronsto nodesandnetworks, andto
understandhow that structure gives rise to the complex functions
of the brain (Hagmann et al., 2010).
The relationship between structural connectivity (as demon-
stratedbyphysicaltract-tracingbychemicaloranatomicalmeans,
or by imaging methods such as DTI tractography) and func-
tional connectivity [as demonstrated by functional MRI (fMRI),
positron emission tomography (PET), or electrophysiological
measurements] is dynamic over multiple time scales. Several
studies have examined connectivity in the brain’s resting state
(the so-called “default mode network”), demonstrating gen-
eral concordance between structural and functional connectivity
while acknowledging that the correspondence is not absolute
(Damoiseaux and Greicius, 2009). Functional connectivity with-
out demonstrated structural connectivity could occur through
indirect connections, and it is possible for functional connec-
tivity to change dynamically during task performance even if
structural connectivity remains constant (Hampson et al., 2004;
Damoiseaux and Greicius, 2009).
While speciﬁc brainregions have long been known to subserve
speciﬁc functions, there is a growing realization that the brain
is far less rigidly organized than previously thought. The mod-
ern view of brain architecture is that of a ﬂexible, re-conﬁgurable
network organized into connected modules (Deco et al., 2008;
De Benedictis and Duffau, 2011; Zamora-López et al., 2011).
Increasingly, the connectivity between brain regions is being seen
as dynamic on time scales ranging from seconds (Honey et al.,
2007)t oy e a r s( Uddin et al., 2011), organized around a structural
modular scaffolding (Deco et al., 2011). This ever-changing neu-
ronal landscape allows for the ﬂexibility in behavior and thought
that is the hallmark of human cognition.
Neural connectivity varies depending on the scale at which it
is examined (Deco et al., 2008). At the microscopic scale (i.e.,
a cortical slice or subcortical gray matter), neurons are densely
and homogeneously connected with one another. At larger scales,
neuronal ensembles are assembled into less densely connected
assemblies such as cortical columns (Mountcastle, 1957). At the
scaleoftheentirebrain,white mattertractssparselyconnectthese
neural ensembles one to another. These large-scale connections
between functional units are potential targets for modulation by
methods such as DBS.
Specialization of function requires that neuronal pathways
remain segregated, but integration of sensory, motor, cogni-
tive, and emotional inputs is required for decision-making at
the organismal level. How does the brain segregate and inte-
grate simultaneously? There is still considerable debate regarding
whether integration occurs at topographically localized regions
(space) or emerges as a consequence of synchronized neuronal
activity (time). However, in either case, functional connectivity
between regions is likely established via “hubs” in the neural net-
work, representing more richly interconnected areas in the cortex
or subcortical nuclei (Zamora-López et al., 2011).
Many of the subcortical structures that have been targeted
for the surgical treatment of movement disorders show dense,
widespread connectivity, and may represent this kind of inte-
grative hub within an overall less densely connected network.
Disruption of integration or segregation within these hubs
could lead to abnormalities in connectivity, creating pathologi-
cal brain states. For example, several studies have demonstrated
increased connectivity in Parkinson’s disease, using resting-state
fMRI (Baudrexel et al., 2011), task-related fMRI (Wu et al.,
2010)o rP E T( Poston and Eidelberg, 2011). In the resting
state, increased connectivity between cortex and the subthala-
mic nucleus (STN) (Baudrexel et al., 2011)m i r r o r st h ea b n o r -
mal electrical synchrony in the beta (13–35Hz) frequency band,
which has been hypothesized to play a role in the generation
of Parkinsonian symptoms (Brown et al., 1998; Bronte-Stewart
et al., 2009; de Solages et al., 2011). De-synchronization of
pathologically synchronized circuits, with consequent normal-
ization of functional connectivity, could therefore represent an
underlying theme in DBS mechanisms (Hauptmann and Tass,
2010).
WHITE MATTER AS THE MAIN TARGET OF DEEPBRAIN
STIMULATION
It has been known since the 1960s that white matter tracts are,
in general, more sensitive to electrical stimulation than cell bod-
ies (Landau et al., 1965). Numerous studies since that time have
contributed to the notion that axons are the primary neuronal
elements acted on by electrical stimulation (McIntyre et al., 2004;
Butson et al., 2007; Gradinaru et al., 2009; Deniau et al., 2010).
It seems increasingly likely that DBS affects distant as well as
local network nodes, propagated by stimulation of white matter
(Deniau et al., 2010). For example, high frequency stimulation
of the subthalamic region has been shown to cause physiologi-
cal effects in numerous nuclei connected to the STN, including
SNR, GP,SNpc,striatum, contralateralSTN,PPN, thalamus,cor-
tex, and superior colliculus (McIntyre and Hahn, 2010). A study
examining the connectivity of two different deep brain targets
for depression—the subcallosal cingulate region and the anterior
limb of the internal capsule—revealed largely non-overlapping
projection patterns, with the subcallosal cingulate projecting to
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more medial-limbic-striatal regions and the anterior limb of
the internal capsule projecting to more lateral cortical-thalamic-
temporal regions (Gutman et al., 2009). The widespread connec-
tivity of these regions has been veriﬁed by anatomical tracing
methods in animals (Lehman et al., 2011). All forms of therapeu-
tic electrical brain stimulation have been found to cause changes
in activity throughout widespread networks which differ for each
area, as measured by functional imaging techniques (McIntyre
and Hahn, 2010).
Although DBS of the subthalamic region for Parkinson’s dis-
ease has been previously hypothesized to act by suppressing
local activity, optogenetic experiments in laboratoryanimals sug-
gest that antidromic activation of the “hyperdirect” pathway
from motor areas to the STN may also play a prominent role
(Gradinaru et al., 2009). In a series of patients undergoing sub-
thalamic DBS for Parkinson’s disease, this hypothesis was tested
by recording from the cortical surface, at a location deﬁned by
DTI tractography as structurally connected with the STN. The
results, to be published in a separate study, demonstrate func-
tionalelectrical connectivity between thesestructurallyconnected
regions, corroborating the ﬁndings from functional imaging
studies (Figure1).
Given the growing body of evidence implicating white mat-
ter as the main target for DBS, direct tract targeting guided by
DTI might be hypothesized to provide efﬁcacy equivalent to,
or even possibly better than, targeting of nuclei. In a patient
with Parkinson’s disease undergoing thalamic DBS for tremor,
Coenen andcolleaguesdemonstrated, using imagefusionofpost-
operative lead position and preoperative DTI imaging, that the
dentatorubrothalamic tract (DRT) was included within the area
inﬂuenced by the electrical ﬁeld (Coenen et al., 2011b). Noting
that the DRT has long been hypothesized to play an important
role in the neurosurgical control of tremor, his group went on to
directly target this tract with good symptomatic results (Coenen
et al., 2011a). Several studies have suggested that the posterior
subthalamic area or the caudal zona inserta may be superior
as a target for tremor (Plaha et al., 2004; Hamel et al., 2007;
Sandvik et al., 2011; Coenen et al., 2011b). Given the course
of the DRT, it is likely that all of these targets (posterior sub-
thalamic region, caudal zona incerta, and Vim nucleus of the
thalamus) lie along the same white matter pathway. In fact, devi-
ation from this tractographically deﬁned target (as may occur
during electrophysiologically guided DBS of the Vim nucleus of
the thalamus, the traditional target), can lead to poor tremor
FIGURE 1 | Oscillatory coherence demonstrated between cortex and
subthalamic nucleus during DBS surgery. A six contact cortical strip
recording electrode (open circles) was introduced through a 14mm burrhole
to arrive at the origin of the hyperdirect pathway (denoted in orange) as
deﬁned by DTI tractography. Electrocorticographic recordings demonstrate
oscillatory coherence at 22Hz (“beta” frequency range), most strongly
between the subthalamic nucleus (STN) and the pair of electrodes straddling
the origin of the hyperdirect pathway (Henderson et al., 2010).
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FIGURE 2 | Postoperative CT scan demonstrating deep brain
stimulation electrodes placed in the Vim nucleus of the thalamus for
the treatment of tremor. DTI tractography of the dentatorubrothalamic
tract (DRT) is superimposed on the CT scan, and is indicated in green on
the left side (corresponding to the radiographic right side of the brain) and in
red on the right side (radiographic left side of the brain). Note the position
of the DBS lead on the right side of the brain lies within the DRT and
provided symptomatic relief, whereas the DBS lead on the left side of the
brain is located outside the DRT and did not provide symptomatic relief.
control, as demonstrated in a patient with bilateral DBS for
essential tremor (Figure2).
NETWORK SURGERY: MODULATION OF WIDESPREAD
CONNECTIONS IN THE MINIMALLY CONSCIOUS STATE
Following severe brain injury, some patients may show waxing
and waning of consciousness with relative preservation of inte-
grative brain networks in what is called the minimally conscious
state (MCS), characterized by intermittent awareness of self and
surroundings (Schiff et al., 2007). This state is hypothesized to
reﬂect a localized lesion to the ascending systems responsible for
arousal, with sparing of cortical integrative circuitry. The central
thalamusreceivesascendingconnectionsfrombrainstem“arousal
centers” and sends projections to widespread regions of the fore-
brain. Disconnection from these deeper centers may produce
decreased resting tone throughout the cortex (Schiff, 2009). A
study ofresting state connectivity using fMRIinpatients with dis-
ordered consciousness found reduced functional connectivity in
posteriorcingulatecortex, medialprefrontalcortex, temporopari-
etal regions, and parahippocampal gyrus in patients in the MCS
vs. normal, healthy controls (Vanhaudenhuyse et al., 2010).
The central thalamic nuclear group thus likely represents an
important network hub, which might serve as a target for neuro-
modulationto addressdeﬁcits in attention and/orarousal(Schiff,
2009). In 2007, Schiff and colleagues reported on a patient in the
MCS who improved with DBS of the central thalamus, including
the anterior intralaminar thalamic nuclei and adjacent paralam-
inar regions of thalamic association nuclei (Schiff et al., 2007).
During active DBS, the study participant demonstrated increased
periods of arousal, functional object use and intelligible ver-
balization (which had not been present before). The authors
hypothesized that this participant suffered from underactiva-
tion of cortical networks subserving consciousness with relatively
preserved structural connectivity, and that DBS served to activate
these connected regions. The necessity of maintained structural
integrity in the face of functional loss is suggested by a simi-
lar study which was carried out in a large number of patients
in a persistent vegetative state, without success (Schiff, 2009).
Presumably, these patients lacked the structural connectivity nec-
essary to produce widespread activation and increased arousal
with central thalamic stimulation.
DBS for the MCS is thus aimed purposely at activating large-
scale networks throughout the brain, rather than inactivating a
single localized area. The initial success of this modality adds yet
more evidence suggesting thatnetwork effects maydominate over
local effects in therapeutic DBS.
CONNECTOMICS AND CURRENT DBS TARGETS
In light of the foregoing evidence, it is clear that current DBS tar-
gets share several features, including their location along white
matter pathways and their inﬂuence on distributed networks,
which allow them to be naturally considered within the frame-
work of connectomics. Stimulation of the STN for Parkinson’s
disease affects distanttargets throughboth antidromicandortho-
dromic projections (Gradinaru et al., 2009; McIntyre and Hahn,
2010), and may exert its therapeutic effect by normalizing func-
tional connectivity. Several effective DBS targets for tremor lie
along the DRT, suggesting that they are all modulating the same
structural pathway to achieve a similar functional result (Coenen
et al., 2011a). DBS of the subgenual cingulate region acts by
changing not only local metabolic activity, but also the activity
of functionally connected distant targets (Mayberg et al., 2005).
Thalamic DBS for treatment of the MCS activates widespread
areas of cortex by virtue of their connectivity with the target site
in the central thalamus (Schiff et al., 2007; Schiff, 2008). Finally,
DBSofthe fornixforthe treatment ofmemorydisordersis specif-
ically targeted at a white matter structure which connects directly
to the hippocampus, long known to be intimately involved with
memory storage and retrieval (Laxton et al., 2010).
CONCLUSIONS
There is growing evidence that stimulation of white matter tracts
connecting functional hubs within brain networks can restore
normalpatternsofactivity inwidespreadbrainregions.Although
suggested by preliminary studies, it remains to be deﬁnitively
demonstrated whether these modulatory inﬂuences are due to
changes in connectivity, and whether connectivity normalization
can be related to other markers such as oscillatory synchroniza-
tion or frequency of DBS. However, the suggestion that altered
functional connectivity is a hallmark of many brain diseases, and
that normalizing abnormal connectivity with electrical stimula-
tion canleadto symptomatic improvement, introduces anewand
exciting way of thinking about DBS (Kringelbach et al., 2011).
To fully evaluate the potential of “connectomic surgery,” a
number of challenges remain to be met. There is a need for fur-
ther reﬁnement of DTI tractography methods, particularly with
respect to improving signal-to-noise ratio, reducing voxel size,
reducingdistortionwiththeconsequenceofbetter co-registration
with anatomic MR, and the development of better techniques
for dealing with crossing ﬁbers and multiple ﬁber directions.
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There is also a need to reﬁne methods of reliably relating struc-
tural connectivity to functional connectivity, since DBS requires
an intact structural pathway to modulate. Connectomic research
has made great strides in a few short years, but there are still
largegaps inconnectomic databaseswhich will requirecontinued
effort to ﬁll (Hagmann et al., 2010). DBS electrodes and stimula-
tion paradigms could be better optimized for tract stimulation as
opposed to introduction into deep brain nuclei. Finally, the way
of thinking about brain diseases amenable to DBS treatment may
need to be altered. Approaching further study of brain network
abnormalities with an eye toward neuromodulatory therapies
might provide new insights which could guide future efforts.
In the same way that sequencing of the genome has already
led to advances in the understanding of disease states, further
deﬁnition of the connectome of the human brain could allow
individualized connectivity mapping, perhaps leading to patient-
speciﬁc maps of dysfunction in disease states (Hagmann et al.,
2010). If DBS can indeed reliably alter functional connectiv-
ity, it could be a powerful tool for leveraging the insights of
connectomics for the treatment of neurological disease.
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